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ABSTRACT

% was the purpose of this sindy to determine the relaticnship between
increased gravitational force and vieusl acu.ty vhen the faoctor of reduced
cverebral circulation is minimized by the use of protective measures nown to
ameliorate the gross visual symptoms associated with g stress.

It was found that gravitational stress has a significant and progres-

sive effect upon visual acuity. BRypotheses are advancaa to account o the
difference in visual performance during gravitationsl atress.
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THE EFFECT OF GRAVITATIONAL STRESS
UPOY VISUAL ACUITY

IRTEODUCTION

With the advent of high performance jet and rocket propelled aircraft,
the problems of gravitational forses and their effect on the human body
have multiplied. During and immediately after World War II, a large amount
of research wae performed by investigutors in thie and other countriee to
detormine the effect of short term applicetion (seconds) of increased grav-
itational force on man.{13). Xngineering advances during recent years have
made possidble aircraft that can withstand tremendous structural sirains over
long periods of time (minutes), but under such teneion the performance of
their human operators may be handicapped by gross disturbances of circulation,
vision and consciousrsss. It is to this problem of prolonged acceleration
and its affect on ruman vision that this paper is addressed.

Subjective Effects of Acceleration

The sensations occuring during positive radial acceleration are well
known to pilots and to those who serve as sudjects in centrifuge experi-
ments. Relaxed subjects seated in an upright body position axparience dim-
ning of vision {amblyopia) at 3 to 4.9 g, loss of peripheral vision (tunnel
vision) at 3.5 g to 5 g, complete blackout (amemrosis fugax) at & to 5.5¢g
a4 true uncoascicusness between 4.5 and 6 g (13). Ilembert (17) has shown
that centrifugnl force induces visusl symptoms by causing a decrease in ar-
{2rial précsure at eye level. Waen the normal arterial pressurs 1s inadequate
to overcome the increased effective weight of the bdleod, impairment of circu-
lation and unconsciousnees regult. The retura to conaclousness may require
as long as 80 seconds and is generally accoupanied by dizorientation. If the
rangs of the force cavironment is less thar that required for unconsciousness,
normal vision cccurs in 3 to S seconds after the force abates (13).

Another facto: which influences the effect of g on the human body is
the duration of the g force., At least 3 to & seconds are recuired to pro-
duce symptoms for forces up to 10 g and these symptoms will develop fully
dnring b to 10 seconds of exposurs. However, when moderate force (3.5 to
& g) is maintained beyond this - ime, these symptoms are likely to aba:> due
to the vasopressor response (20).

Hethods for Ameliorating &ffects of Asceleration
Paralleling the research on tr2 effects of acceleration on man is a
program concerned with the ameliorriion of those effectn, he mil:tary ser-
vices have developed anti-g suitsd s ilch hato been highly effective in ralsing
men's g Golerance by meshanicel nesus.

In addition to the g suit, there are other means bty which we can onlse
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nants tolerence to centrifugal force. One of these invoives chsages in
body position so that a reduction occurs in hydrostetic distaonce bedweon
the heart and the eye. Currently under investigation are the prone,
supire end semisupine body positions. In the prone and supine positions,
the vertical distance between heart and head are reduced almost to zero,
end accordingly gravitational stress does not apprecisbly reduce cerebral
arterial pressure (19). In these positions man can withetand sustained
forces in excess of 12 g without experiencing the visual symptems that ue-
ualiy occur with an increase in the force environment ( 8). When the sud~
ject has assumed the prone or supine protective peeitions, positive g 18
translated into trausvaree g. That is, the forces are applied at right
angles to the long axis of the body. In anticipaction of some of the prao-
iical difficulties o1 flying from these positions, consideration is being
given to the semisupine position. In the semisupine position, a reduction
in g tolerance occurs which is proportionate to the increased hydrostatic
distence between the heart and the sye (21),

Auman Factors and Prolonged Acceleration

The performance characteristics of proposed aircraft have presented
a whole new range of problems that are different in magnitude and kind from
those that were of concern in the immediate past. For sxaxple, the physio-
logical problems of attaining the escape valocity for a "free® ride through
space would be aimple were it not for the mechanlcal onss. For lusiance,
2 3 g acceleration for § 1/2 minutes would zive an escape velocity satis-
factory in terms of human factors, but mechanically costly from the stand-
point of fvel economy. The reverse would bs true, however, of a 30 g accel~
eration for 4& seconds. Thils would glve o escape velocity which might dbe
mechanically sound but would be physiolopically unwise. Additional physio-
logical rescarch is being undertaien in an effort to cbtain information ebout
the parameters of Inman circulation. Ingineers responsidle for the devslop-
ment of high performance airerart have presented tc aero medicsl specialiste
the tentative speclfications of new airframee and are seekins an understand-
ing of the reletionships that exist between psycho-physicel performance
and prolonged accelerstive forces. The understanding of these relation-
ships 1s as important to the aerciynamicist as are the physical parameters
of the proposed sircrart, for the entire syatem is uvltimately dependent
upon the human operator.

Perception and Psychomotor Function as Affected by G

From the psychologicel point of view, very little is known sbout the
parameters ¢f nercepticn and rsychomctor functions ae they are affected Vv
accéléevative forces. The pioneering Xuropean resesrch reviewed by Armstrong
and Heim ( 2) was concerned vith gross visual changes —- peripheral dimming,
bleckout and "red-out® -~ that were experienced during acceleration., Can=
field (4) has recentiy reviewed recenrch performcd at the Ualversity of
Southern California relating gravitationsl stress to various aspects of
performance: a) ability to apply forces to a control stick, b) ability to

make reaching movements with the hand and amm, .c) simple and ccmplex rosction-
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+ime, d) wpatial oriemtation, and e) perceptual spsed ability. The re-

" gults of this latter study are germane to this poper. Comrey, ot al.,

(7) in discuzsing their findings on perceptual speed ability vpeoints out
that accelerative forces as higzh as 4 g have little effect on the ability

to note minor differerces in visual deteil. Tn a later paper (5) this
generalization is amendad to read, "Poasidilities of roduced visual acuity...
are...vnlikely.® To moke such a generalization seems inadvieable when one
realizes that perceptual speed ability, and hence, vlaual performance, was
measured through the use of test items eimilar to those in the Cuilford~-
Zimmerman Aptitude Suivey. Such a survey test is not a good measure of
acuity as the differences in visual details ere well above the threshold
values given for minimum separsble acuity.

The effects of moderate values of g with specific reference to inetru-
ment reading have been rerorted by Werrick and Innd (26), They found that
reading errors increased from 18 per cent at 1.5 g to 24 per cent at 3 g.
This performance decrement was interpreted in terms of a reduction in cere-
bral blood supply. in elternate interpretation of these results is discus-
sed later in this paper.

The literature in this area of study has receatly been revieved by
Gerathewobl (10) in an attempt to arrive st some theoretical conclusions
concerning the interaction of the proprioceptivc and visual senses under
conditions of sud and mars grawitr He goncludss, niter surveying the
anatomical and physiologisal data on the eye in relation to positive and
negative acceleration ®... that the eye is affected but indirectly by
mechanicel forces.® In hiw evaluation the only changes in visior which
are likely to occur in an increased force environment are those directly
attributable to a failure of eirculation to the head. Such an evaluation,
however, seems premature when one considers the anatomy and physiology of
of the visual apparatus. For exsample, the exactitude of the optical
imagery of the eye ie dependent, within a fraction of a millimeter, on
such measures as the length of the eye and the shepe of the cornoa and
the lens. It would te strange, indeed, if & progressive change in the
Zorce environment did not result ln a similar chanse in visunl performance,
when that performance is measured independently of cerebral circulatory coa=
petence during gravitational stress. Also, it appears unlixely that optical
imagery could de maintained adequately in 2 stress<producing environment
waere the positions of the optlcal elecments may be changed, where anomalies
of the refractive surfaces may ocour or where the elemente may be moved
obliquely.

PURPOSE

It 1s the purpose of this study to determine the relation between in-
creaged gravitational force and visual aculty when tho factor of reduced
cerebral cirouiation ie minimized ur 4ths use of protective weasures known
to ameliorate the gross visual symntoms nssoclated with an increare in the
force environment. In other words, when cerebral circulation is maintained,
what will be the effects of centrifugal force acting directly upon the eye-
bell?! It is the general thesis of ihis and future studies of this subject

WADC TR 56-247
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that stress developed in the experimental situation may clerify certain vise
2al mechanisune which would otherwise be difficult to examine. The experimen-
tal variables in those studies world have specific reference to flights that
may place man outside the earth's gravitational field, but the resulic of
these studies may also be applicable to the vnderstanding of human senses and
the role they play in the stisloment of knowledge and regulation of behavior,

METHOD

Visual acuity wez c2le: ¢l for meesurement because this function is
largely dependeni on the perfection of the retinal imope as 1t is formed by
the optical system of the eyebsll.

Sspparatus

The Aero Medical Laboratory human centrifuge (13 used in this study is
plctured in Figure 1. This centrifuge produces radial acceleration in exmct-
ly the same manner as does a turning elrcraft. A rotating boom carries the cab
around in 2 korizontal circle. The cab is free to pivot on a horizontal axis
tangent to the circle of rotation of the boom. As the speed of the rotation
of the boom increases, centrifugal force causes the bottom of the cad to swing
outvard ard upward toward the horizontel. Thus, the g force may be applied to
any axis of the subject's body by the proper placemert of his body in the cab.

WADC TR 56-247 4




Vigual acuity was mensured with the checkeiboard targets that are
standard with the Bausch and Iomb Ortho-Rater (15), The Uitho-Rater was
selected o~ use in this experiment becavre 4. is a standord celf-sdminis-
tered visual test battery (12), it gives renroducible scores {i%), and hs
a high loading on a factor that has beon named "retinal resolution" (3.

In this instrument a testing distance of 26 feet (far) is simulated optical-
ly while the near reading distance is 13 inches. Binocular, right and lefv
eye acuity were measursd at the ncar and far positions. The visual angles
subtended bv the criticsl detall vary by equal ssene on a decimal visual
acuity scale {(recinrocnl of visual angle) frem 0.1 to 1.5 (20{200 to 20/13).
A photograph of the slide for testing the right eyoe is shown in Fipure 2,

Figure 2. The Checkerboard Slide Used in Tearting Far, Right Rys Acuity

Two modificu.tions were mude to the Orthe-Rnter. One of these enadled
the safotly observer who rode in the center of the centrifuge to place the
8lides according to a prearranced schedule, while the second involved a
180 degrec rotation of the test slides and viewing box sc that the instru-
ment could be inverted to accomodate the sexisupine subject. From the
point of view of the arparatas, the only essential differentiations between
these naatitons, rxcept oc noted adove, are Shoss Iéyuired to mainvain the
lines of visual regard throurh the center of the lenses and in the proper

*The term "retinal Tceolution® does not seem to be an approrriate name for
a factor that has bdsen extracted from a visual tea: bultery designed for the
measurenent of impalrment of acuity associated with uucorrecied ametropia.
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angvlar relation to the direction of the accelerative forces. Figure 3

is a graphic display of the body positions and g values used in this study:
in the prone and supine positions the lines of regard are parallel to the
direction of the 2crces, whilie in the seated =nd semisupine positions the
lines of regard are at right angles tc the direction of inareased force.

Verbal raeponses made by the sutjects during an experimental sesaion
were placed on a megnetic tape resorder. These recordinge were later
played back and twc independent listeners recordud the asubjeets! scores.
These scores were compared, and points of aisagreement were settled by
repeated playings of tae tapes. The number of wissgreements was small and
was usually caused by the presence of high ambient noise.

PRONE SUPINE
4

,2,4,6,8 G 1.3,4.6.7 6

{
semsol@ SEMI- SUPINE

'\

Le,3,4,56 ,3,4,5,6

Figure 3. The Body Positions and G Valuee Used in the Study.
The relation between the lines of visusl regard and

Ao Menhlea_ 9-6-- ~nw \\. asan alan
YOS VIvas-aGveIr Sanl Wi SPABW e
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Subjects

In this study, eight male subjects and one female subject were used.
Their ages were between 23 and 30 yeare. This age range ls below the age
generally reported for the onset of presbyopia. As there are muny factore
incident to riding the centrifuge other than simple increase in g force,
only those persons with considerable centrifuge experience were gelected
as suhjects., The number of psople whe could meet this qualification was
small and even fewer perasons were avallable for testing at the tives the
indiv’ iual experiments reported in this paper were being conducted. The
other restriction piaces on the subje~ts was that they have an uncorrected
risusl scuity of 20/20 in both eyes. For these reasons no effort was made
te select a group of sudjects which vas representative of any particular
segment of the populatica.

The average acceleration at which bdlackout ovcurred $a thia group of
subjects when no protection was used and whea in the seated body position
vas 4.1 g with a standard deviation of .89 g. When riding in the seate?
voeition in the test situation all sudjects wore the standard Air Force -
Favy G~4A g sult which raieed the aversge blackout threshold by 1.7 g.

The initial selection of subjecis was mede by uuing the Ortho-Reter
test battery. Those candidates who had uncorrected acuity of 20/2C on this
instrument were referred to 2 competent professional groupr for further
test of vision. The results of the Ortho-Rater teste did not disagree with
later clinical evaluations.

All subjects were given a complete oemler eveluation which consisted
in psrt of manifest and cyclcoplegic refractions. The results of this
clinical evaluntion showed that all subjects were free from ocular disesses
and had a visual acuity of 20/20 or greeter. Individial results are indi-
ceted in Tables ) and 2. More than one week was allowed to ispse between
the clinical evaluation and the experimental runs on the centrifuge so

that any residual effect from the cycloplegic drug would be completely
dlssipated.

Procedure

Oz the aay prior to the first experimental ride on the centrifuge,
each subject was individually indoctrinsted concerning the test procedure
and given a pregctice ride on the centrifuge. 2ach subject was shown a
photograph of a slide and was instructed as to what he might expect to see
in the Ortho-Bater. Finally, each subject was informad that when riding
the centrifuge it would be his task to report the location of as many of
the checkerboard targets as possible.

WADC TR 56~-247 7
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Table 1
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Table 2

Resulte of tho Clinical Evaluation
of the Subjects Used in the Study
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Following this indoctrination the subject was given a practice ride
under 1 ¢ conditions walch duplicated the conditions of the experiment in
every respect. After the subject had placed himself cn the bed or scat,
adjustments were made so that he was looking through the center of the
lenses in the instrument. The experimenter took hle position in the con-
trol room and checked tne operation of the two-way communications eystem.
The room lights were turned off and a few seconds later it was announced
to the subject that the terminel g hud been reached and that he was to
begin reading. The experimenter checked each respoase as it came over
the loudspeaker as correct or incorrect according to the key supplled with
the Crtho-Rater. fThis check was in additioa to the tape recording of ail
verbal communication carried on durings the experiments. After completion
of tho three aculty tests the subject was told that he was being *brought
down." After a five ninute rest period he was returned to g conditions
for further testing under the condition of nrear or of far acuity as the
schedule required.

The test procedure for measuring visual culty during the exyeriments
differed in the following fmportant respects from that recomnended in the
Ortho-Rater manual:

1. The position of the sudbjectls body varied, as did the g forces,
compared with the instruction, M...the subject will te seated com-
fortably...® Instrumen: and subject were placed so that the lines
of visual regard were either parallel or at right angles to force
of gravity, according to body position.

2. Each individual score was determined by the last item read cor-
rectly before the firsi{ error was made. This is in contrast to the
reconmended scoring “...snswer incorrectly...two items in succession.®
This scorine procedure was selected on the basis of the observaiion
maie by Sloan, et al., {24) that the recommended methnd of scoring
sverestimates the aculty of many sudbjects.

3, As there was complete counterbalance vetween near and far measure-
ments the standard presentetion sequence was not used, nor were the
recommended test questions, due to the impracticsebility of adminis-
tering them in this situation. The aculty test sequence of dirocular,
right end left eye was always used.

On the dey foilowing the indoctrination session and practice run tha
ingtructicne were repeated in an adbreviated form for the actual experiment.
The subjects appsarsd to understand their pert of the task. The subjects
werc not ipformed of the gravity conditicne they would experience while jar-
ticipating in the study. Feither were the zubjécis toid of their scores at
the various gravity levels nor how they compared with each other.

The subjects in this study, as can be seen in Figure 3. vera eyposed

WADC TR 56-2L7 10




to a force cnvironment ranging from 1 to 8 g. Two factors aet the upper g
value for any one experimont. The first had to do with the relation between
visual dimaing and the averagse accelerative force raquired t¢ produce this
symptom. In view of previously cited evidence, it 1s obrious that at exces-
sively high £ values, all visual functione will be impaired. It was declded,
for the purposes of this study that the hirheat g value to be used, for each
bYody position, remain at least one g below that value at which peripheral
dimming would occur. The second factor conserned the comfort of the subject.
In the prone position no visual symptoms have been reported at 12 g, however,
nasal drip, mouth wvatering and d!ffimlty in breathins tend to malke a subject
wnonfartable, Ia an attcmpl to minimise extraneous variables, no attompt
was made to reach the maximum force attainable in any one of the protective
body positionu,

The g sequence for sach subject, in three of the four oxperiments, vas
determined by uye of a tadble of random numbers as was the order in which sudb-
Jects were tesied. In the experiment in which the prone potition was used,
the g sequence for ali subjects was 1, 6, 2, 4 and 8. The testing order for
subjects was randomized. The body positions used in this study were prone,
seatad, supine and semisupine, and the individual experiments were conducted
in this order. In the prone, supine and semisupine positions, the torso of
the subject was tilted 20 deprees with respeect to the floor of the cab, the
shoulders bdeing higher than the hips. In the latter position the head was

lexed forwnrd with the chin aimoet on the cheat. The seated position is the
customary position taken when seated in a chalr.

The technique aad procsdure for measuring acuity was the some in each
of the four experiments. In all, six differuvnt acvity measures were made
on euch of the five subjects ir each experiment: binocular, right, and left
eye acuities at both near and far, Conplete counterdalance of the near and
far distances was maintained, In an effort i{o minimize fatigue and after ef-
fects of acceleration, the asximum £ runs were held to about a one minute
duration while the intermediate g values were of several mimutes duration.
¥With this reduction in time of exposure to high g, it waz possidle to test
only near and far binocular acuity.

It has boen shown (20) that if one starts with a slow oneet of g it is
possible to avold the visual symptoms associated with sudden acceleration.
In fact, it is possidble to reach 5 g, unprotecisd under these conditions.
Thereiore, in all of the experimental runs the buildup of acceleration was
arranged so as to fLake advantage of increased g tolerance associsted with
the slov onest of an ingreasing gravitatioral force.

RESTUTTS .

In the 2ollowling roport of mesulis all acaity values are expressed as
puans of the individual subject's scores. The acuity values shown in the
tables and graphe are expressed in decimal notations. Visual acuity in
this notetion is equal to the reciprocal of the visual augle. ZXach individ-

val's acaity score was determined by the last item read correctly before
the first error sas nmade,
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Experinent 1: Prone Fosition

Tadle 3 contains the means anrd standard deviations of the visual acuity
scores by g level when this function is measured with the subject in the
prone body position. The aculty scores reported under 1 g conditiona are
the resvlts of combining data obtained at two different times., Bcoree were
obtained both at 1 g (centrifuge stationary), ss part of the ssquence of
gravity conditions, and also at 1 g immedigtely following ¢ach experimental
run. The difference between the means of these two sete of acuity scores
was examired by the t test and was not found to be signifiocant. It was for

4his roascn that thsss data wors oombined and ihs -.11339‘:!‘« of thasa ad.

ditional data was not ocontined in subseguent oxporincnt..

Figure 4 1s a graph of the mean binocular acuity scores plotted against
the gravity forces used in the first experiment. At 1 g the =can far acuity
1s 1.15 and the near acuity is 1,10, The final points on the zraph ave
as follows: near acuity 0.56, far acuity 0,54. If we consider that the
visual angle tubtended, by the last itew read correctly under 8 g condiilons,
is 1.8 minutes of arc and that the visual angle of the last correct iten,
under conditions of 1 g, is 0.91 minutes, then the graph shows that at 8 2

Table 3

Means and Standard Deviations of Visual Acuity Scores by
G Level for Prons Position (Me3)

G Valyes 1 2 3 € 8
1;1» Nean 5.0, | Nean B5.D. | Nean 5.D.] Nean B.D,| Mean 8.D.

Both | 1.i5 .04 | .9 .15 b 20 B84 23 8 sk 10
FAR  Rightj 1,15 .06 | .50 .15 82 .10 .62 .19
Ieft | 1.05 .17 | .92 .19 A 05 ] 62 16

Both { 1,10 .06 | .9% .30 | 80 .09 |.78 .0k |.5%6 .16
NEAR Right] 1.09 .05} .98 .07 | .84 .08 | .7 .08
left | 1.10 .05 } .96 .10 | .88 .10 |.72 .04

a targst must subtend a visual angle twice as large as that reguired for res~
olution at 1 g. Fipure 5 shows graphe of mean right and left eye acuity.

The results of an analysis of variance, performed on all dut the 8 g
acuity scoras, are shown in Tadle 4. The binocular scores at B g in *his
and iz gubscgusat syporizcnls wers caliteld fron ths E“qii;. siuge GoRpai=
able values of g were not used in the measuremsnt of right and lef{ eye
acmity. The statietical procedures asud in selscting the denominator for
the ¥ ratios are those recommended by Mentser (22). Zxmaination of P ratiocs
in Teble 4 ghow that acceloration and sudjeots, one sacond order interaction,
and one third order $ntersction wake significant contridtutions to the vari-
ance of the aculty messures,
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An-lysis of Variance of Binocular, Right Eye, and

at Bach Gravity Condition

Tatle &4

left Eye Visual Aculty Scores for Prone Body Position

—Source _Af Mean Square )
Accelerations 2 97.56 39,58
Subjects L 15.08 5.36%
Distances 1 %.03 1.63
Eyes 2 .34 45
Ax5 12 2.4 9.Ghve
AxD 3 2,59 1.14
SxD 4 &, 54 2.44
AxE 6 .58 1,41
Sx® 8 .75 1.83
DxE 2 Sb L3
AxSxD 12 2.27 8.4)1%
AXSXE 24 W1 1.52
AxDxE 6 52 1.93
SxDxE 8 1.25 L,63%e
AxSxDxE 24 .27
0 D 08
e > .01
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Since binoculer visuel aculty is more repregsentative >f normal visual
functions, a separate analysis was made of these scuity scores. In

Table 5 is chown the F ratios resulting from an analysis cf the binceular
dnta. In this analysis the significant contributors to the total variance
of the aculty scores are acccleration and subjects. These F ratios are
signdfizont beyond the 1 per cent level of confidence. The assumption of
homogeneity was tested by Cocbrants test and found tenable. This assump-
tion is alzo tenzble "or subsequent experiments.

Table §

Analysis of Varlance of the Binocular Visual
Aculty Scores for Frone Body Position

——Source of Variatjop o Mean Square E
Accelerations 4 42,76 37.90%
Subjects L 5.24 6.56%
Distancee 1 1.71 1.16
AxS 16 1.26 1.23
SxD b 1.48 1.5
AXD L 1.26 1.3
f AySxD 16 .96
P*>.01
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Experiment 2: Seated Tositlon

The visual acuity dota cbtained with the subjects in the seated tady
position ave shown graphlcelly in Fipures 6 and 7, and in tadbular form in
Teble 6,

Table 6

Means and Standard Deviations of Visusl Aculty Scores by
G Level for Seat.d Position (NeS)

G Values 1l 2 3 4 s
Tyes | NMean o.D.] Mean S.D. |Mean S.D.|Nean 5.D. |Mean S.D,

Both | 1.16 .0f1.04 .10| .9 .a7| .98 .c7] .78 a5
FAR Right] 1.12 .0 .ou .10 .R2 .07} .84 .07
left | 1.18 .10f1.00 .13]1.00 .14} .92 .15

Both | 1.10 .06} 1.02 .07] .96 .10; .78 .13}| .80 .05
REAR Right| 1.06 .05] .9&% .1u{ .98 07| .82 .10
Left | 114 .1211.06 .12} .52 .13 .B6 .14

Table 7 swmarizes the results of the analysis of vari.nce performed
on all dut the 5 g acuity scores. The differences in the scores for three
of the primary effects, are interpreted as significantly different from
chance as indicated by the F test. The F retio for acceleration is signifi.
sant at th2 1 per cent level of confidence whereas the ratios for suljects

Tadle ?

Analysis of Varlanc: of Binocular, Right Fye, and
Left Eye Visual Acuily Scores for Scated Budy Position

] & Mean Sgyare £
Accelerations 3 38.34 14.G2ve
Sudbjects L 10.22 3.98%
Distances 1 3.33 1.70
Eyes 2 7.91 L, BBe
AxS 12 2.57 2,520
AxD 3 1.82 1,56
SxD L 1,96 1.57
AxE 6 .25 .32
SxE 8 1.62 2.10
DxE ? .91 ag
AxSxD 12 1.25 1.7
AxS3E 2k 77 1.05
AXDxE 6 1.03 18
SxDxE 5 N 3

SxDxE 24 . 73
P > .C%
2P > .01
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and eyes are significant at the 5 per cent level of confldence. A similar
analysis perfommad on the binocular data reveals that anccelerations and
subjecta are the only major source of variancc and the F ratios of 20.82
and 5,10 are sipnificant beyond the 1 per cent levei ~f confidence. Inis
analysis is summarized in Table 8.

The resulte of this experimenl appear particulerly significant if we
consider the interpretation given dy Warrick end Iund (26) to their data.

Table 8

Analysis of Variance of the Binocular Visual
Acuity Scores for Seated Body Fosition

Sourge of Voriation af legp Sguare r
Accelerations L 17.28 20.82*
Subjects L L. 22 5.10%
Distancea 1 2,88 1.57
Ax8 16 .83 .5h
SxD i 1.83 1.20
AxD b 2.0 1.36

16 1.53

*P>.01
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VISUAL ACUITY (DECIMAL NUTATION)

These investigators found an impairment in ability to reesd instrument dials
at 3 g, as compared to 1.5 g, in the seated position. A sigrificant differ-
ence in reading errors was found between the two ¢ conditions. They conclu~
ded that the probable cause of the decrease in performance was & reduction
in blood suprly to the eye or brain. Our data from the seated and semi-
oupine experiments indicats that the increase in the Jorce environment
results in a lowering of vitual acuity but that this change is not a
function of diminished cerebral circulation. Therefore, tiue above men-
tioned impairment in reading perforuance could be acceunted for by reduced
vigual acuity associated with incressed g rather than by cerebral hyr :a.
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Fipure 7. Means of the Right Eye and Means of the left Zye
Acuity Scores at Each Grevity Condition

Experiment 3: Supine Position

The results of this third experiment are summarized in Tadle § and in
Figures 8 and ©.

fre summaries of the statisticel anaiyses of the data are given in
Tables 10 and 11. In the first of these tables are the ¥ ratios resulting
from the enelysis of bincoular. risht and left eve data. The acnity ecores

at 7 ¢ are not included in thie analyasis, since comparable values of g were
not used in the measurement of right and left eye acuity.

e

variance of the ncuily scores, The interactions
of sambjectc and eyes, and the interaction of accelerations, subjects and
distances is significaat at the 5 per cent level of confidence. In Table
11, which contains the resuits of the analyzis ef the binocular scorss,
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Table ¢

Means and Standard Deviations of Vicual Aculty Scores oy
G Isvoel for Supine Positica (Bx5)

G Yalues 1 3 4y € 7
Iyee Mean 5.D. | Mean §.D, fean S.D. | Mean S.D. | Mean S$.D.
Both 1,18 .10 96 .14 98 .12 90 .09 .68 .12
FAR Right | 1.16 .10 94 14 1,00 .11 | .82 .10
Left 1.12 .15 Sk 19 .92 1 86 .14
Both 1.10 .11 .88 .12 L R ¥ .72 .15 .70 .11
NEAR Right{ 1.14 .08 .98 .13 .90 1L 76 1k
left 1.12 .12 1.0 .09 90 W14 .88 .13

there are two significant contributions to the total variance. As i1 the
preceeding experiments, the acceleration factor is significant at the 1

per cent level of contidence, The other significant contridbution ig taset

of subjects. The F ratic of 39.36 for subjects is significant at the 1 ver
cent level of confidence. This latter finding is not surprising since inli=
vidunls differ in their ability to withstand radial scceleraticn and a given
individualls tolerance to acceleration changee from time to time,
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SASUAL ALYITY (DECIMAL NOTATION,

Table 10

Analysie of Veriance of Binocular, Right Eye, and
Loft Eye Visual Acuity Scores for Supine Body Position

Spurce i ¥
Accelerations 3 &,52 108.1g%»
Subjects L 35.68 32.98es
Distances 1 5.21 3.89
Zyes 2 .26 .27
AxS 12 43 .93
AxD 3 1.34 1.22
SxD 4 .27 .24
AxE 6 .80 2.22
st 8 . 97 2 069.
DxE 2 2.80 o
A=SxD 12 1.10 2.39
AxSxE 24 .36 .78
AxDxE 6 b4 1.39
SxDxE 8 .56 1.22
AxSxDxE 24 46

*p>.05

**P >.01
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Tabie 11

Analysis of Variance of the Binocular Visual
Acuity Scores for Supine Pady Fosition

—Souxce of Varlation ~  df Mean Square i
Accelsrations 4 27.27 75.75%
Subjecte 4 14.17 49, 36%
Distences 1 5.78 4,35
AxS 16 .36 .73
SxD & W12 .25
AxD b 1.33 2.7
AxSxD 16 49

iy > .01

Experiment 4: Semisupine Position

This experiment is similar to che seated position experiment ir that
£ force is applied at right angles to the lines of vieual regard. However,
the body position ir arranged to minimize circulatory stress mssociated with
radial accelerction. The Anta gathered on visual scuity in the semisupine
sosition are shown in Teble 12, Figures 10 and 11. It is to be noted that
this experiment differs frox the preceeding three experiments in that only
four alues of ¢ were used and that aculty measures were rade on the right and
left vyes at the maximum g level, Naximum g was arbitrarily set at 5 g, since
the trends in the acuity scores were already esiablished, and time was pressing
due to other commitmente of the centrifuge.

The results of the etatistical analycee are given in Tables 13 and 4.
The first of these tables summarizes the analysis of variance performed on all
the visuel aculty scores. Accelerative forces are again a significant contri~
btutor to the total variance of the acuity scores. As in the preceeding exper-
iments the vuriance dues to subjects is significent. The statistical analysis
of the bin.cular acuity data, which is given in Table 14, ghows that two of the
main effects and one interaction are significant, The F ratios for accelerations
and subjects are significant at the 1 per cent level of confidence, The inter-
action between subjecte and distance is statistically significant, but the
theoretical significance of this result is not apparent at this time.

Table 12
Mezus and Standard Deviations of Visuai Acuity Scores Ly
G Level for Semisupine Position (¥=5)
G Values 1 3 L

]
Kyes | Mean S.D, | Nean S5.D. | Wean S.D. | Nean ©. D.
Both 1.10 .09 S8 10 S4 .08 78 07
PAR Right 1.1 .14 92 .07 .92 .10 80 .06
Left 1.02 301 .92 104 ¢ iy P60 15
Both 1.04 .17 S% 10 86 .10 86 .15
Right 1,02 .12 .90 .06 02 0 82 .z
Left 1.06 .08 T Y .88 .07 86 .19

WADC TR sA-2L7 20




L, ) Table 13

Analysis cf Variance n{ Binceuiar, Right Eye, and
left Xye Vimual Aculty Scores for Semigupine Body Position

Sourse &f Mesn Sgyare ¥
Accelerations 3 32.07 25.65%%
Subjects 4 11.47 9,18%~
Distances 1 .01 .0l
Erss 2 .26 J3
AxS 12 i.z25 2.91%
AxD 3 1.9? 4, uoe
SxD L 2.52 g.86%*
AxE € .22 .21
SxE 3 1,48 1.85
IxE 2 116 .89
Ax5xD 12 43 1.00
AxSxE 24 1.07 2.4G%
AxDxE 6 48 1.12
SxDxE 8 1.30 3.02¢
AxSxDx® 24 43

wp >.05

vap > 0}

Table 14
Anslysis of Variance of the RBinscular Visual
Azsuity Scoree for Semisupine Fody Position

—Source of Yariation df _Nean _Square X
Accelerations 3 10.89 17.56%%
Subjects 4 4,54 7.32%*
Digtances 1 22 .08
AXS 12 .62 1.03
SxD 4 2.79 L.62%
AxD 3 1.29 2.15
AxSxD 12 .60

* > 05

“» > 01

Cemparison of Performance for the Four Body Positions
¢ second major analyaie performed on thé duia oviained in this study

involved a comparison between acuity scores obtained bty each subject at the
four body positinns undsr two values of g (1 and 4}, Such an analysis is
complicated by vhe fact that the same subjects 4id not serve in &ll the ax~
perimente ond thal soms of The subjects served in more than one experiment.
By refsrring to Table 1 it i¢ possidle to see which experiments any one of
the nine subjccts served. Tho analysis of the data for the effeet of body
positions on binucular visual acuity was acvouplished by the use of a
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hierarchal siatistical model (18). The two .evels of acceleration were selec-
ted ta components of the design since they were the enly %vwo velues common to
21l experiments, The analysie of ihe acuity dava Uy this procedwre 18 sum-
marized in Teble 15.

Table 15

Apglysis of Variance of the Blnccular
Visuel Acuity Scores for Ail Body Positicus

Squrce of Variation af Mean Sguaze I
Distances (T) 1 €.34 7.36%
Positione (P) 3 7.0 1.00
Accelerstions (A) 1 210,54 135,61
Subjecta(S)jwithin positione 16 7.6 1k.63%®
Eve Combinations (E) 2 0.205 3.07
DxP 3 2.5 3.04
DxA 1 0.200 0.27
DxS within poasitions 16 0.807 1.58
DxE 2 3.24 4.87¢
PxA k. 5.78 2.52
PyE 6 1.29 1,69
AxS within positions 16 2.29 4,4gne

\ AxE 2 £.085 0.13

{ SxE within positions 32 ¢.762 1.49
DxPxA 3 1. 2.02
DxFxE § 04500 0.75
DxAxS within positions 16 0.743 o4
DxAxE 2 0.510 G.61
DxS:E vithin positicns 32 6.665 1.30
PxAxE 6 450 .71
AxSxE within positions 32 0.534 1.24
DxPxAXE 3 0.775 1,82
DxAxSxE within positions 32 0.51C
sp > .05
D > 01

The most significant factor as zhown in Table 15 is the accelerative
forces. This F ratio is significant at the 1 ner cent level sf confidence.
Such & rinding is consistent with the results of analyses reported earlier.
Significant F ratios were also found for the veriatles of distance and aub-~
Jects within positions end for two of the interactior-~. The internction
between accelerntions and subjecis within rvositione ia romatdered &5 56 slg-
nificant at the 1 per cent level of confildence, The interaction between
distances and eye condbinations is tignificant st the £ ner cent level of
corfidenc.. It rmat be peinted out thet in tkis analy.is, acceleration
wat ¢snsidered us & consiani factor which means that no rellable generali-
zation can be nade to other values of pravitational etress. However,
certain interpretations nay be given the resulta which apvear to be sup~
gestive of further research.
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The analysis of the vigual acuity scores across ail body positions makes
pozeible the statement that these positions 434 not, in themuelves, have a
eignificant effoct on the acuity scores obtained under the 1 and U4g coniitions.
The sipnificant interaction between accelerations and tody positions is in-
terpreted to mean that visual acuity scores for the different body positions
ere affected differently by gravitational stress, Ths coatribution to the
total variance made by dietznce and the second order interactions provides o
neasure of support for an hyrothesis that will be suggested later to account
for the change in visual acuity under gravitationel etress, Thic cecnnd or-
der interaction is inteipreted to mean that the interaciicn botween distances
and positions is different at the two levels oi acceleration used in the anal-

yeis.

In this study the agsoumption was made that no difference would be found
between mean visuel acuity measured with the subject "seated comfortably® in
front of the Orcho-Bater and the acuity scores obtained with the sudject in
any one of the protective body positiont under the condition of 1 g. This
agsumption was tested with the t test and found tenable. Such a finding is
inconsistent with the results reported by Charnwood (6). He mnde a compari-
son between visual aculty for subjects in the supine and seated position with
letter recognition as a test of aouity and found higher acuity scores for sub~
Jects in the seated position.

DISCUSSICH

A3 examination of these data sugzests several hypotheses to account for
changes in visual acuity under gravitational stress. These are listed below.
They are intended to de neither mutually exelusive nor exhaustive.

1. Deterioration of the physiological image dues to retinal ischemia or edema,

It ka2 Yeer shown (17) thet centrifugal force {nduces visual aymptoms
Yy causing » decrease in blood pressure at eye level., 1s it possidbls, then,
to account for the data obtained in this study by hypothesizing a deterioration
of the physiological imags due to reduced cerebral circulationt In the case
of the rrone, supine and semisupine positions no direct measurees of ceredral
blood pressure have been reported. However, the sudjective data referred to
bty Armstrong (1) would indicate that in these protective positions none of the
usual visual symptoms of incressed g would de expected even at the highest ac-
celerations uged in this study, Such reports are in accord with the view that
any reduction iu the hydrostatic distance between the heart and eye will result
in higher g toierance.

In the case of the seated position contimuous observations {20) have bteen
i ade on radisgl arterial presaure at heal level. Theee observations show that
a two minute S g run produces an initial drop (slmost to rero) in arterial
pressure whioh iasis for six to seven seconde. After this {ime the vasopres—
sor resporse io reduction in pressure takes effect and blood pressure im sus-
tained above symptom level. 1In this study, the measurement of acuity was not
begun until 10 seconds after peak acceleration, Therefore, the iaitial reduc-
tion in dlood pressure does not eppear to be a factor when the sudject is in
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the seated position. Although no recordings of radial arterial pressure ot
head jevel in the semisupine nosition are avallable it iu logical to suppnc
a sixilar paltern of pressures, althoungh: of 3iffarent megnitude, would be obw
talned.

Another argument for sssuming that visusl acuity changes are due 5o ths
effect of cardicvaucuisr mechanics would postulate retinal edema. The lows
of vision with increased arterial preswure i: reported (18) to be caused W
edema in and around the retina. Such sdema would be anslgous to the pooling
of blood in the lower extremities when centrifugal force is applied parallel
to thn long axis of the body. 4 test of thic retical edema hypothesis waus
attempted by measuring visual acuity immediately after each experirental run,
A corrparison between these measurss and those taken before an experimental
run were interpreted as not differing significantly, as indicated by
the © test. The collection of these data was discontinued after the com-
pletion of the first experiment. The weakness of such evidence lies in tis
fact that the acuity messurezent made after each oxperimenal run could havs
sanpled this visual function when the effects of edema, if any, had deen din-
sipated. Perhaps the more sensitive test of the hypothesis would be made with
the Hardinger's drush tesi (il). This test of the function of the macula
lutes makes pcsaitle the determination of retinal edema independent of vie-
ual acuity. The test could be administared during the stress conditions,

In summary, the evidence indicates that any alvernative interpretation
of the experimental results must rest on some grounds other than detericraticn
of the physiological imsge due to retinal eschemia or retinal edoma.

2. Involvement of the autonomic nervous systea anl its effect on vieusl acuivy,

Gereral disorientation due to g strees in the centrifuge situation coudd
affect even the most experisnoced observers., Anxiety or fear is characterized
by many oombinstions of body changes. Omne of t'w comaon manifestations of
tuch reactions is a changs in pupll diametor, Another possidle result of
syzpathetic involvement is suggested in a report by Olmsteai (23), who has
demonstrated that the lens of an animal eye is made hypermetropic by siimue
lation of the sympathetic system and myopic by stimulation of the parasympe~
thetic component of the ooculomotor nerve, The effect of pupll aise on aoculty
could bde corrected by the incorporution of artificial pupils into the Orthe-
Rater. This charge would, however, require a more rigid eupport for the
subject's head than was required in the present study. However, n., convenient
experimental control would be avallable if the results rsported by Olastead
werc shown to be important detemminants of acuity performance under gravitat-
fonal stross.

3. CGhanges in the shape of the eyedall and refracting surfaces,

If an increase in g force caused the posterior pole of the eyedball to
flatten, the eyo would bucome effectively hynermairapis and this refrachive
error could be¢ comperaated for by accommodation. Rowever, if the nechanical
forces resultire from increascd g should aspherically deform the refracting

surfaces of thea cornea or the lens, a decreasé in both far and near aculty
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would he expected. A hypothesis of this sort would be difficult to examine
in the experimental situation bocause of prodleme aesociated with optical
alignment between tha eye and measuring apparatus, As a first approach to
the test of the deformatior hypotlieeis, measurements would be made “ar astig=
matic errors. The standard Ortho-Rater can be equippsd with *hese astigmatic
teet plates. If the presence o astigmutic errors is corsidered as s Tactor
in these experiments it may be concluded ithat acuity measuresente made under
stregse conditlione would vary #s a funcilon of tie typee of acuit; targets em=
ployed to measure this function. &loen, et al (2&), has shown thet for actig-
matic errors of 1 divpter or more, aculty measured with the checkerboard ter-
ges ie significantly higher than that measured with lettar type test objects.

4, Displacement of the crystalline lens in the direction of gravity.

Pincham (9) has shown that in high degrees of accomnodation the lens is
displaced in the direction of gravity. Usine young sudbjects he found a dif-
ference of cver one diopter between the values of the near-point, with vision
directed downward and upwarA., He concludes that with forward uovement of the
lena the focus within the eye is brought forward and, therfore, in order to
bring the image btack on to the retina, the object may bte drought nearer to
the eye. These findinge doar directly on the data odtained in this study be-
cause similar changes in lens position may be expected as a function of grav-
itational stress., let us examine the lens movement hypothesis and one means
of subjecting it to experimental verification,

The prone position will serve ac an exsmple, If the lens is displaced
in the airection of gravity, and if the (Gogrce of accomnmodation ie slightly
beyond the near point, the consequent bluriing of the optical image can be
corracted by decreasing accommodation., However, if the non-hypemetropic
eye is unaccommodated and the lens is displaced in the direction u. gravity,
1t would not be possidle to focus the retinnl imare shaiply by cha.ges in
the accommodative apparatus. It 15 intsresting to note Lhat the reverse ox
this situation would be predicted for the supine rosition, for here the graw-
itational displacement would have iig greatest effect on the near acuity func-
tion. There is some evidence {o support this tentative explenation of the
vrogressive change in aculty with g. However, any attempt to interpret the
data orly serves to emphasize the lack of ecrucial axperimentation ia the area
of near and far visual aculty. Having considered tne dnta obtained with the
subject in the prone position and having decided that the resulting loss in
acuity 1s equivalent to 2 refrective error of one diopter, let us soe what
chonge in the dioptrics of the eye would result Lf the lons moved as wuch as
2 mm cloger to the posterior surface of the cornea., In Gullstrand's (26)
achematic eye the distance betweer the rear curface of the .Lornes and the
firgt surdacs of the lens {dhe entéslos chwmmber) is 3.1 mm, 11 the depth of
the anterior cuamber 16 roduced by 2 mm the total power of the optical system
18 increused from the 58.64 of the Gullstrand eye to a power of 60.87 dioptere.
As & resul’ of the assumed change in lene prsition, the Sullstrand eye is .ow
2.23 diaptars myapic. Since raxiwum chonge in acudtdy is $hs prome posiiion
wae set al asne diopter refractive error, iU is unnccessary to assume a lens
novement as much as 2 am.
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A test of the hypothesis of lenc displacement might te made by sepeating
tLe prone or supine experirents with the Interposition of cpthalmic lenees
berween the eys zna tbe Urtbo-Rater. If it were posaible to correct the
hypothesized refractive error by tnls techuique it would be possitle to ac-
cept the hypothesis of lens movement, and wake additiocnal inquirics into the
effects of gravity on accommodation in generai. However, r> simple relstions
would be expected,

SUMMAERY AN, CONCTASIONS

These experiments were designed to determine the relation betwecn grav-
itational streses and visual aculty when the factor of cerebral circulatoery
competence is minimiged by the use of protective measures known tc ameliorate
the gross visual symptoms associated with an increase in the force environment.
Grevisational siress was produced experimentalily by the AML hucar centrifuge,
Visual aculty was measured witk checkerboard targets standard with the Ortho-
Bater,

The following dasic findings resulted from en analysis of the data gath-
ered ‘rom this experiment:

1. Gravitationai stress has & 2ignificart and progressive efiect
on vijual acuity.

2. The observed chanses in visual acuity canmot de accountsd fer
by reduced cerebral circulaticn,

2. Three other factors hsve been hynatheaized tn asccomnt far the
differences in visual performance durire gravitational stress:

a. lnvolvement of the autonomic nervous system and its effect
on visual acuity.

b. Changes in the siure of the eyedell or refracting surfaces.

¢. Digplacement of the cerystniline leme in the direction of
eravity.,

&, The lens-dirplacement hywothesis i¢ tentatively accepted to
account for the observed aculty chuages otrtoined under praw-
1teticnal stress,

It 2hould e nsted thrt this 13 cne o » gerlew of suvudles of the relation

ol vumvirgumesinl siress Lo visual functions and tnat further inguiry =ay clar-
1fy som~ visual mechanisms that would otherwise be difficult to examlie.
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